Transformed bacteria were plated and individual colonies were picked for Sanger DNA sequencing. The number of clones with perfectly matched sequences or with one (1Mm), two (2Mm), or more than two (>2Mm) mismatches are shown. The number of unique clones reflects the coverage of this pool of shRNAs. The 'perfect rate' was the ratio of perfect to total sequences, and the 'unique rate' was the ratio of unique to total sequences. (A) Oct4-GFP mESCs were transduced with the shRNA library and selected for 4 days in ESC medium. The GFP+ (undifferentiated) and GFP-(differentiated) cells were isolated by FACS and DNA was extracted.
(B) The scheme to identify the candidate lincRNAs essential for self-renewal. A total of 3265 shRNAs were represented in the three GFP-biological replicates and 3115 in the GFP+ replicates.
For each shRNA in the common set of 2788, the ratio of {Average[GFP-]/Average[GFP+]} was calculated. The ratio for the nontargeting control shRNA was 1.29. Candidate lincRNA genes were selected if at least two shRNAs were present at a GFP-/GFP+ ratio >2.5 or if one shRNA was present at a ratio >3.
(C) AP staining of mESCs on day 4 after knockdown of 21 selected lincRNA genes. Control cells were transduced with a nontargeting shRNA (shCtrl) or an Oct4-specific shRNA. Two shRNAs were tested for each lincRNA. Scale bars, 100 µm. Fgf4, Vegfa, Mll1, Ccnd2, Ccne1, Ep300) and induces negative regulators (Tgfb1i1, Lats2) of the cell cycle and proliferation. CCE mESCs were transduced with shRNA-I targeting linc86023. RNA was extracted four days later and analyzed by qRT-PCR. Gene expression was normalized to Actb levels and compared to that in cells expressing the control shRNA. Data are the mean ± SD of triplicates.
(I) Knockdown of linc86023 modulates expression of lineage marker genes. CCE mESCs were transduced with linc86023 shRNA-I or a control shRNA. RNA was extracted four days later and analyzed by qRT-PCR. Gene expression was normalized to Actb levels and compared to that in cells expressing the control shRNA. Data are the mean ± SD of triplicates.
(J) Nanog and Oct4 expression are induced by overexpression of linc86023 in CCE cells incubated with or without LIF. Cells were transfected with the indicated pcDNA3 expression vectors and selected by the addition of G418 after 24 h. RNA was extracted four days later and analyzed by qRT-PCR. mRNA levels were normalized to Actb and are shown as the relative expression compared to cells expressing EGFP. Data are the mean ± SD of triplicates.
(K) Overexpression of TUNA promotes reprogramming of MEFs to iPSCs. Oct4-GFP MEFs were seeded in gelatin-coated 12-well plates and transduced with retroviruses expressing the four factors (Oct4, Sox2, Klf4, and cMyc) and either full-length linc86023 or DsRed (negative control).
The medium was replaced with fresh MEF medium the following day, and 3 days later the medium was exchanged for mESC medium supplemented with LIF. GFP+ iPSC colonies were counted two weeks post-transduction. The number of GFP+ colonies is shown normalized to the DsRed-transduced cultures. Data are the mean ± SD of triplicates. Supplemental Tables   Table S1. (Table S1 ) were cloned into the vector (Moffat et al., 2006) . Deep sequencing of the 107 bp amplicons was performed using the Illumina HiSeq 2000 system. Low quality reads were discarded and the remaining reads were mapped to a custom database of 5656 shRNA sense sequences using BLAST. Only those reads perfectly matched to a 19nt sense sequence from the database were used in the analysis. The number of perfectly matched shRNAs was normalized according to the total number of qualified reads.
Lentiviral library preparation
The lentiviral library was prepared as previously described with some modifications (Moffat et al., 2006) . Briefly, 293FT cells were transfected with 100 ng of plasmid DNA library mix (including control shRNA) using the Lentivector Expression System (System Biosciences). Lentiviruses were harvested between 48 and 60 h after infection, and virus titers were measured as previously described (Moffat et al., 2006) .
Library validation
The shRNA library produced by multiplex cloning was validated by two methods: single colony sequencing and deep sequencing. For the first approach, a small library was created by pooling the annealed short hairpins from one 96-well plate and cloning into the pLKO.1-puro vector.
After bacterial transformation, 189 individual colonies were selected and sequenced by the Sanger method. For deep sequencing, a complete plasmid library was created by pooling annealed oligonucleotides from 64 96-well plates and cloning into pLKO.1-puro. The hairpins were PCR amplified with Phusion High-Fidelity DNA Polymerase (NEB) and 5′-TCTTGTGGAAAGG ACGAAAC-3′ (forward) and 5′-ACTGCCATTTGTCTCGAGGT-3′ (reverse) primers. The PCR conditions were optimized to amplify 107 bp sequences: 20-30 cycles of 98°C for 30 s, 68°C for 30 sec, and 72°C for 10 sec. The PCR amplicons were resolved by electrophoresis on 4% agarose E-gels (Invitrogen), and the 107 bp bands were excised and purified for deep sequencing analysis.
Embryonic stem cell culture
CCE and Oct4-GFP mESCs were cultured in mESC medium consisting of DMEM (Life Technologies) supplemented with 15% fetal bovine serum (FBS; Hyclone Laboratories), 1% L-glutamine (Gibco), 1% MEM nonessential amino acids (NEAA; Gibco), 0.00086% 1-thioglycerol (Sigma), and 0.01% leukemia inhibitory factor (LIF; Life Technologies).
Infection and selection of ESCs
CCE and Oct4-GFP mESCs were resuspended in mESC medium at 4 × 10 4 cells/ml and aliquoted at 1 ml/well in pre-gelatinized 6-well plates. Cells were infected by the addition of 1 ml lentivirus-containing medium containing 4 µg/ml Polybrene (Millipore). After 24 h incubation, the medium was removed and replaced with fresh medium containing 1 µg/ml puromycin (Life Technologies). The medium was exchanged every other day with fresh medium supplemented with 1 µg/ml puromycin. The cells were incubated for a further 3 days and then fixed for alkaline phosphatase (AP) staining or harvested for RNA extraction.
Alkaline phosphatase staining
Four days after infection, mESCs were fixed with 4% paraformaldehyde (PFA) and AP activity was detected using an Alkaline Phosphatase Substrate Kit I (Vector Laboratories), according to the manufacturer's protocol.
Identification of putative pluripotency-associated lincRNAs
Three biological replicates of Oct4-GFP mESCs were transduced with the shRNA library (including a control shRNA) and cultured for 4 days. The cells were then harvested and pluripotent ESCs (GFP+ population) and differentiated cells (GFP-population) were purified by fluorescence-activated cell sorting (FACS). Genomic DNA was extracted from GFP+ and GFPcells and the DNA concentrations were normalized. DNA fragments harboring the hairpin sequences (107 bp) were PCR amplified and analyzed by deep sequencing. The hairpins were then mapped to the shRNA library and counted for their presence in each samples. To identify candidate lincRNAs that may be essential for ESC identity, the average number of GFP-and GFP+ cells expressing each shRNA was calculated. The GFP-/GFP+ ratio for the control shRNA was 1.29, reflecting the random differentiation during the process. Candidate lincRNAs were selected if at least two shRNAs were present at a GFP-/GFP+ ratio of >2.5, or if one shRNA was present at a ratio >3. For the latter group of lincRNAs, we surveyed their surrounding genomic regions for pluripotency-related genes.
Quantitative reverse-transcription PCR (qRT-PCR)
RNA was extracted from cultured cells using TRIzol ( 
Northern blot analysis
Total RNA was extracted from CCE cells with the NorthernMax Kit (Ambion). For the blots, 300 µg of total RNA was mixed with three volumes of formaldehyde loading dye, incubated at 65°C for 15 min, and then resolved by denaturing agarose gel electrophoresis. RNAs were transferred to a nylon membrane by the downward capillary transfer method, and then crosslinked by UV irradiation. Three DNA probes (5'-TCTTTATCTTCCTCTCCAGGCTAACCGAGAAGA GCATCCG-3', 5'-CTCGTGATTACCATCTTGGTTGCAAATGTCTTTATCTTCC -3', 5'-GGAGCAAATAAGCA ATACTGCACTTGAGCTGGTGACTGCT-3') designed by Vector NTI software (Invitrogen) were radiolabeled with 32 P, added to pre-warmed ULTRAhyb Buffer (Ambion), and incubated with the membrane overnight at 42°C. The membrane was washed 4 times with 2x SSC at 42°C and hybridized probes were detected with a phosphorimager.
Rapid amplification of cDNA ends (RACE)
5′ and 3′ RACE were performed using the primers listed in and the SMART RACE cDNA 
Cloning and overexpression of TUNA constructs
To clone full-length TUNA cDNA, total mouse RNA was treated with Ribo-Zero rRNA Removal Kit (Epicentre) and reverse transcribed using SuperScript III reverse transcriptase. The larger of the two TUNA isoforms was PCR amplified with 5′-TCATTCCCCTCCTTATCCCTCCTCTT-3′ (forward) and
5′-ACAGCCACGGTCAAGTTTTATTAAATCAAAC-3′ (reverse) primers. The conserved region
(designated TUNA-con) was amplified using 5′-CGGATGCTCTTCTCGGTTAG-3′ (forward) and 5′-CCACCGAGGTCTGAATGG-3′ (reverse) primers. A mutated form of TUNA lacking the conserved region (TUNA-mut) was amplified using 5′-TCTCCAGGCTAACCGAGAAG-3′ (forward) and 5′-ATGAAAGGCCCCATTCAGAC-3′ (reverse) primers. Amplified cDNAs were cloned into pcDNA3 or pMX vectors for transfection into mESCs or MEFs, respectively. 
Cell proliferation analysis

Proliferation of CCE cells after knockdown or overexpression of
RNA FISH
A set of custom Stellaris® FISH probes comprising 48 single-labeled oligonucleotides designed for TUNA with Quasar® 670 Dye were purchased from Biosearch Technologies. Fixation and hybridization of CCE cells were performed using the Biosearch Technologies protocol for adherent cells.
Cellular fractionation
Subcellular fractionation of CCE cells was performed using CelLytic™ NuCLEAR™ Extraction Kit (Sigma). RNA was isolated from both nuclear and cytoplasmic fractions for qRT-PCR.
Reprogramming assays
Oct4-GFP MEFs were obtained from mice carrying an IRES-EGFP fusion cassette downstream of the stop codon of pou5f1 (Jackson Lab; Stock#008214) at E13.5 and were cultured in DMEM supplemented with 10% FBS, 1% L-glutamine, and 1% MEM NEAA. To produce reprogramming retroviruses, PLAT-E cells were seeded and transfected with pMX-Oct4, pMX-Sox2, pMX-Klf4, or pMX-cMyc using Lipofectamine PLUS reagent (Invitrogen; 11514015). Viral supernatants were collected 2 days post-transfection and pooled. Retroviruses expressing variants of lincRNA TUNA were produced in PLAT-E cells by following the same procedure. To generate induced pluripotent stem cells (iPSCs), Oct4-GFP MEFs were seeded in gelatin-coated 12-well plates and were transduced with the pooled retroviruses plus 6 μg/ml Polybrene one day later. The supernatant was replaced with fresh MEF medium the following day. On day 3 posttransduction, the culture medium was changed to mESC medium. GFP+ colonies were enumerated at 2 weeks post-transduction.
In situ hybridization (ISH) of mouse embryos
Whole mount ISH of mouse embryos was performed as previously described, with some modifications (Wilkinson, 1992) . Wild-type mouse embryos at E13.5 were fixed overnight in 4%
PFA at 4°C. Fixed embryos were treated with 10 µg/ml proteinase K (Roche) in DEPC-PBT for 15 min and fixed again in 0.2% glutaraldehyde plus 4% PFA for 30 min. To prepare the antisense RNA probes, a 636 bp fragment harboring the conserved region of TUNA was PCR amplified with 5′-GGTTAGCCTGGAGAGGAAGA-3′ (forward) and 5′-TAATACGACTCACTATAGGGTTGATGAATGCAA TGCCTGT-3′ (reverse with T7 sequence) primers and used as the template for in vitro transcription. The primers for sense probes are 5'-TAATACGACTCACTATAGGGGGTTAGCCTGGAG AGGAAGA-3' (forward) and 5'-TTGATGAATGCAATGCCTGT-3' (reverse). Digoxigenin (DIG)-labeled RNA probes were prepared using a DIG RNA Labeling Kit (Roche) with 1 µg linearized cDNA construct as the template. The embryos were pre-warmed to 68°C in hybridization buffer consisting of 50% formamide (Fisher Scientific), 5x SSC, 1% SDS, and 50 µg/ml heparin (Sigma), the DIG-labeled RNA probes were added, and the embryos were incubated overnight at 68°C.
After washing and blocking, the embryos were incubated at 4°C overnight with AP-conjugated anti-DIG Fab fragments (Roche). The embryos were washed with TBST and NTMT, and AP was detected by incubating embryos with BM Purple AP Substrate staining solution (Roche) at 4°C overnight.
In situ hybridization of zebrafish
Whole mount ISH of zebrafish embryos was performed as previously described (Yelon et al., 1999) . To prepare the antisense RNA probes, a fragment containing the zebrafish TUNA orthologous region was amplified with 5′-TCACAGAGTCGTGTAAATGTACACAAAGATGA-3′ and 5′-TATGTGTGTTTTCCAGACTGGCGTGAGAGGAAAA-3′ primers, which was then cloned into pBluescript KS vector.
Treatment of zebrafish with morpholino antisense oligonucleotides (MOs)
Three MOs were designed to target the conserved region of the zebrafish TUNA ortholog (MO-
TUNA_1: ACACAAAGATGATGACCAGTAGGTT, MO-TUNA_2: GAATGGATTCCTCTTTGCTTTCCTT, and MO-TUNA_3: CTCTCACGCCAGTCTGGAAAACACA). tuna MOS and a control MO were from
Gene Tools LLC. The MOs were dissolved in water and 1 to 4 ng was microinjected into zebrafish embryos at the one-cell stage.
Analysis of zebrafish locomotion by the touch response test
Zebrafish embryos were injected at the one-cell stage with 1 ng of pooled tuna MOs or control MO. At 3 days postfertilization, larvae without developmental defects were collected and subjected to a touch response test as previously described (Granato et al., 1996) . A gentle tactile stimulus was applied to the tail with a needle, and the locomotory behavior was recorded.
RNA-Seq
Ribosomal RNA was removed from total RNA samples with Ribo-Zero™ rRNA Removal Kit (Epicentre). The purified total RNAs was then incubated in Fragmentation Reagent (Ambion) at 70°C for 3 min to generate ~ 200 bases fragments, which were ligated with both 5′ and 3′ adapters using RNA T4 ligases. Adapter-ligated RNAs were subjected to reverse transcription, and then PCR amplification was carried out using barcode primers. Finally, amplified cDNA library products were run on the E-gel ® EX 4% agarose (Invitrogen) to purify ~100 -150 bp inserts.
Illumina HiSeq 2000 system was used to sequence the prepared cDNA library. 12 mouse ES cell samples, biological triplicates of control, 2, 4, and 6 days after knockdown of lincRNA TUNA, were sequenced on the Illumina HiSeq 2000 system. The sequencing generated a total of 287,701,897 reads with a read length of 100 bp. ~10% of the reads which did not pass the internal Illumina quality control were removed. The qualified reads were mapped to the mouse mm9 genome using BWA (Li and Durbin, 2009 ). The mapping results were normalized and quantified with the DESeq method in Avadis NGS (Strand Scientific Intelligence). The data has been deposited at GEO with accession code GSE46730.
Microarray analysis
shRNA mediated knockdown was performed in CCE cells, and RNA samples of biological duplicates were collected on day 4 for microarray analysis using Affymetrix Mouse Gene 2.0 ST array. The genes showing altered transcription (fold change > 1.5, p< 0.05) compared with the control shRNA were selected, and compared among four knockdown experiments.
In vitro neural differentiation
Mouse monolayer neural differentiation was performed as previously described (Ying et al., 2003) . In brief, undifferentiated CCE mESCs were plated in 0.1% gelatin-coated 6-well plates at 10 5 /well in commercial N2B27 medium (Ndiff 227; StemCells, Inc). The medium was exchanged the next day and shRNA-expressing viruses were added on day 2. The virus-containing medium was exchanged for fresh N2B27 medium on day 3, and the medium was exchanged daily thereafter. Cells were immunostained on day 7 of culture.
Human neural induction was performed using a monolayer culture protocol. Briefly, single cell H9 hESCs were resuspended in mTeSR™1 medium (STEMCELL Technologies) supplemented with 10 μM Y-27632 (STEMCELL Technologies) and cultured as a monolayer for 2 days. On day 0, the medium was replaced by Neural Induction Medium. On day 3, purified lentivirus expressing shLINC00617 or the control shRNA was added to the monolayer culture. After 24 hours, the virus-containing medium was replaced with fresh Neural Induction Medium, and the medium was exchanged daily thereafter. The neural progenitor cells were immunostained with Pax6 on day 8.
Immunostaining of neural progenitor cells
Cells were fixed in 4% PFA for 20 min at room temperature (RT), washed 3 times with PBS, permeabilized by washing in PBS/0.1% Triton (PBST), and then incubated in PBST/5% BSA for 30 min at RT. Cells were then incubated for 1 h at RT with anti-Nestin (Millipore), anti-Tuj1
(Covance) or anti-Pax6 (Covance) antibodies diluted 1:300 , 1:500 or 1:300, respectively, in PBST/2.5% BSA. Cells were washed three times in PBST, incubated with a 1:400 dilution of the secondary antibody for 1 h, and washed again in PBST. Hoechst 33342 (Invitrogen) was added at 1:5000 dilution to stain the nuclei.
RNA pulldown assay and mass spectrometry
RNA pulldown experiments were performed as described previously (Rinn et al., 2007) with some modifications. In brief, full-length biotinylated TUNA RNA was synthesized using an AmpliScribe T7-Flash Biotin-RNA Transcription Kit (Epicentre). Biotinylated RNA was folded by heating at 60°C for 10 min followed by a slow cool-down to 4°C. Folded RNA was then added to 1 mg of CCE nuclear extracts and incubated at 4°C for 2 h. RNA-protein complexes were pulled down with streptavidin beads (Invitrogen), and the beads were washed 3 times with buffer C (25 mM Tris-HCl [pH 7.0], 0.5% NP-40, 150 mM KCl, 0.5 mM DTT, 1 mM PMSF, and protease inhibitor cocktail [PIC; Roche]). The complexes were eluted, resolved by SDS-PAGE gel, and silver stained with Silver Stain Plus (Bio-Rad). Bands specifically pulled down by biotinylated TUNA were excised from the gel, digested, and analyzed by mass spectrometry as described (Shevchenko et al., 1996) .
RNA immunoprecipitation (RIP)
CCE mESCs were crosslinked with 1% formaldehyde and nuclear extracts were prepared.
Aliquots of 1 mg extract were incubated with 6 µg of anti-hnRNP-K antibody (Abcam) or anti-PTBP1 antibody (Invitrogen) at 4°C overnight, and RNA-protein complexes were recovered with protein G Dynabeads (Life Technologies). RNA was extracted from the complexes with TRIzol reagent and analyzed by qRT-PCR or agarose gel electrophoresis.
Western blotting
Proteins captured in RNA immunoprecipitations were resolved by SDS-PAGE and analyzed by western blotting with anti-PTBP1 (1:3000), anti-hnRNP-K (1:1000), and anti-NCL (1:500; Abcam).
Protein immunoprecipitation
CCE mESCs were lysed with IP Lysis Buffer (Thermo Scientific) and lysates were treated at 37°C
for 1 
Chromatin isolation by RNA purification (ChIRP)
ChIRP experiments were performed using a protocol described previously (Chu et al., 2011) . A total of 29 antisense oligonucleotide probes against TUNA (one probe per 100 bp RNA length)
were designed using the online probe designer at singlemoleculefish.com. See the table below for probe sequences. LacZ-specific probes were used as negative controls (Chu et al., 2011 
Sox2 overexpression
CCE mES cells were transfected with 1 µg pCDH-EGFP or pCDH-hSox2 lentiviral vectors, and selected with 1 µg/ml puromycin (Life Technologies) for 14 days. Sixteen clones were selected for western blot analysis to verify protein expression. The CCE clones with the highest protein expression were subject to in vitro neural.
shRNA sequences (19nt sense sequences)
The 21nt hairpins were inserted into 58nt single-stranded oligos as forward oligo: 5'-CCGG- AAGCCCATCAGAATGGCAAAT; shhnRNPK-III: AAGGGAGATCTAATGGCTTAT; shLINC00617:
AAGCTGACAGATATCACATAT. 
Sequences for primers and ChIRP probes qRT-PCR primers Gene name Primer name Sequence
GAPDH GAPDH_f ATCAAGAAGGTGGTGAAGCGGCA GAPDH_r TGGAAGAGTGGGAGTTGCTGTTGA beta-Actin beta-Actin_f CTAAGGCCAACCGTGAAAAG beta-Actin_r ACCAGAGGCATACAGGGACA TUNA TUNA_f ATTGGGAGGGGACTTAATGG TUNA_r GTGTTACGGAGCCAGAGAGC TUNA_iso1 BC059025_f CAGGCATTGCATTCATCAAA BC059025_r AAACCTCGATATGAACAGATACACA TUNA_iso2 AK045952_f AGCTGCGATCTGGAGCTGA AK045952_r CCGAGCCCCAGAAACTTTAG Oct4 Oct4_f GTTGGAGAAGGTGGAACCAA Oct4_r CTCCTTCTGCAGGGCTTTC Nanog Nanog_f CGGTGGCAGAAAAACCAG Nanog_r GATAGCCCTGGGGATAGCTG Tcl1 Tcl1_f CGTGTACTTGGATGAGTTTCGT Tcl1_r GCAAGATCACCTGGAATTTTTC Tbx3 Tbx3_f TTATTTCCAGGTCAGGAGATGGC Tbx3_r GGTCGTTTGAACCAAGTCCCTC Klf4 Klf4_f CGGGAAGGGAGAAGACACT Klf4_r GAGTTCCTCACGCCAACG Esrrb Esrrb_f CAGGCAAGGATGACAGACG Esrrb_r GAGACAGCACGAAGGACTGC Sox2 Sox2_f ACAGCTACGCGCACATGA Sox2_r GGTAGCCCAGCTGCTCCT Wdr5 Wdr5_f GGTCACAAACTGGGAATATCTG Wdr5_r TCCCGACTTCCCTTCACCATAC Sox1 Sox1-f AGACTTCGAGCCGACAAGAG Sox1-r AACTGTGCAAACAGGTGCAG Sox17 Sox17-f TTCCAAGACTTGCCTAGCATC Sox17-r CTTTATGGTGTGGGCCAAAG Brachyury Brachyury-f CCAGAATGAGGAGATTACAGCC Brachyury-r TGGTCGTTTCTTTCTTTGGC Fgf5 Fgf5-f GAAATATTTGCTGTGTCTCAGGG Fgf5-r TAAATTTGGCACTTGCATGG Pax6 Pax6-f AGTGAATGGGCGGAGTTATG Pax6-r ACTTGGACGGGAACTGACAC Cdx2 Cdx2_f CCTGCGACAAGGGCTTGTTTAG Cdx2_r TCCCGACTTCCCTTCACCATAC Vegfa Vegfa_f CAGGCTGCTGTAACGATGAA Vegfa_r GCATTCACATCTGCTGTGCT Ndn Ndn_f CACTTCCTCTGCTGGTCTCC Ndn_r GCAAAGTTAGGGTCGCTCAG Notch2 Notch2_f CCTGAACGGGCAGTACATTT Notch2_r GCGTAGCCCTTCAGACACTC Mll1 Mll1_f GGCTCCAGCAAGAACAAAAG Mll1_r TCACACCTGCAAATGAGAGC Cdk5rap1 Cdk5rap1_f CGGCAGGAAACACTACCATT Cdk5rap1_r GGAGGACACACCGTAAAGGA Ccnd2/cyclin D2 Ccnd2_f TGGTCTTTTTCTGCCTTGCT Ccnd2_r TTTGGTCAAAACAGGGAAGG Ccne1/cyclin E1
